Abstract: Space missions continue to demand higher power Hall and ion thrusters capable of providing high thrust and long life. For high power Hall thrusters in the range of 20 to 100-kW being developed for future cargo and manned-missions, the hollow cathodes will be required to produce discharge currents of 50 to 400 A with lifetimes in excess of 10 khrs. A lanthanum hexaboride (LaB6) hollow cathode has been previously developed for space applications that features graphite tubes or sleeves to provide a diffusion boundary to protect the LaB6 insert from chemical reactions with the refractory metals, and includes a long life heater capable of igniting the higher temperature emitter. Several versions of this cathode design with different LaB6 insert diameters have been built and tested at up to 250 A of discharge current to demonstrate both the high current capability and ease of handling and gas purity requirements obtained with LaB6 cathodes. While the LaB6 cathode insert operates at a higher temperature than the conventional BaO dispenser cathode, LaB6 offers the capability of very high discharge currents, long life and orders of magnitude less sensitivity to propellant impurities and air exposure than conventional dispenser cathodes. 
= ion temperature T r = temperature normalized to 289.7 K P 1,2 = pressure Q = xenon gas flow rate r = insert radius R = plasma resistance U + = ionization potential V = plasma volume v scat = effective velocity for ion scattering α = temperature coefficient of the material work function ζ = gas viscosity λ 01 = first zero of the Bessel function σ i = ionization cross section σ CEX = charge exchange cross section φ wf = work function φ o = temperature independent work function φ s = sheath voltage in the cathode insert region
I. Introduction
here is a growing interest in NASA in using electric propulsion to reduce launch vehicle size and facilitate inspace transportation of large masses in support of the newly emerging vision for the manned space program 1, 2 . The success of electric propulsion thrusters in prime propulsion and ACS applications in several recent missions 3, 4, 5 has also prompted additional concepts 6 to emerge for electric propulsion missions using higher power ion and Hall thrusters capable of providing high thrust and long life. The next generation Hall thrusters being developed for these high power applications in the range of 20 to 100-kW will require hollow cathodes to produce discharge currents of 50 to 400 A with lifetimes in excess of 10 khrs. NASA and the commercial aerospace industry in the US have spent many years developing and ultimately flying barium-oxide impregnated dispenser cathodes in various ion thrusters, Hall thrusters, plasma contactors, and plasma neutralizers at discharge currents under 25 A. These cathodes use a porous tungsten insert that is impregnated with an emissive mix of barium and calcium oxides and alumina 3, 4 . This configuration is called a dispenser cathode because the tungsten matrix acts as a reservoir for barium that is "dispensed" from the pores to activate the emitter surface. Chemical reactions in the pores or at the surface at high temperature evolve a barium oxide dipole attached to an active site on the tungsten substrate, which reduces the work function of the surface to about 2.06 eV at temperatures in excess of 1000 ˚C. Because chemistry is involved in the formation of the low work function surface, dispenser cathodes are subject to poisoning that can significantly increase the work function 8 . Care must be taken in handling the inserts and in the vacuum conditions used during operation and storage of these cathodes to avoid poisoning by water vapor and impurities in the gas that can shorten the lifetime or even prevent cathode emission. One of the major drawbacks of using BaO dispenser cathodes in electric propulsion applications is the extremely high feed gas purity presently specified by NASA and commercial ion thruster manufacturers to avoid these poisoning issues, which has resulted in a special "propulsion-grade" xenon with overall >99.999% purity and ≤0.1-ppm oxygen and water impurity specifications 9 , and extensive spacecraft feed system cleaning techniques to be required. Finally, increasing the discharge current capability of BaO-W dispenser hollow cathodes to over 50-to-100 A typically results in overheating of the insert and reduced life.
An alternative electron emission material with a vast amount of use in both space and on the ground is lanthanum hexaboride (LaB 6 ). Over a hundred Russian Hall thrusters have been flown over the last 35 years with LaB 6 cathodes 10,11 , and Russian SPT-100 thrusters with LaB 6 hollow cathodes have recently been used on several Loral communication satellites for station keeping 12, 13 . LaB 6 electron emitters are also used extensively in university research devices and many industrial applications such as plasma sources, ion sources, arc melters, optical coaters, ion-platers, scanning electron microscopes, and many other applications. Recently, several high-current LaB 6 hollow cathodes have been developed at JPL for high power Hall thrusters [14] [15] [16] . The major reason for using LaB 6 cathodes, as compared to conventional impregnated dispenser cathodes, is the incredible robustness, high current density and long life exhibited by LaB 6 electron emitters. Lanthanum hexaboride cathodes are routinely used in all noble gases from helium to xenon, reactive gases including hydrogen and oxygen, and various other materials including liquid metals such as bismuth. LaB 6 17 is a crystalline material made by press-sintering LaB 6 powder into rods or plates and then electron-discharge machining the material to the desired shape. Polycrystalline LaB 6 cathodes have a work function of about 2.67 eV depending on the surface stoichiometry 18 , and will emit over 10 A/cm 2 at a temperature of 1650 ˚C. Since the bulk material is emitting, there is no chemistry involved in establishing the low work function surface and LaB 6 cathodes are insensitive to impurities and air exposures that would normally destroy a BaO dispenser cathode. In addition, the cathode life is determined primarily by the evaporation rate of the bulk LaB 6 material at typical operating temperatures [19] [20] [21] . The higher operating temperature of LaB 6 and the need to make contact with LaB 6 with compatible materials has perhaps unjustly limited their use in the US space program.
To provide the high discharge current and long life desired for the next generation high power Hall thrusters, the LaB 6 hollow cathodes previously developed at JPL have been modified and tested to higher current levels. In addition, internal plasma measurements were made at discharge currents up to 100 A to aid in designing and modeling for higher power. Three different sizes of the basic cathode design have been built to provide various current ranges and to fit into different thruster sizes. The designs all utilize a LaB 6 insert in a hollow tube made of either graphite or a refractory metal such molybdenum, with a tungsten orifice plate and an Al 2 O 3 insulated, tantalum sheathed heater. The cathodes use graphite sleeves to interface the LaB 6 with the supporting structure, and also have a graphite keeper. The smaller version of this cathode has been operated in xenon from 5 A to 60 A continuously, and the larger versions tested at discharge currents of up to 250 A. In this paper, the characteristics of LaB 6 and the hollow cathode configurations that use this material are described. In addition, life estimates for the cathodes and information on issues associated with testing at high current are presented and discussed.
II. LaB 6 Characteristics
Lanthanum hexaboride was first developed as an electron emitter by Lafferty 17 in the 1950's. The thermionic emission of lanthanum-boron compounds as a function of the surface stoichiometry was studied by several authors [18] [19] [20] [21] . The Russian SPT Hall thrusters 11 , flown since 1971, all utilize LaB 6 cathodes. Lanthanum hexaboride was first used in the US in a hollow cathode in 1978 22 , and the development of a high-current LaB 6 cathode for plasma sources that dealt with supporting and making electrical contact with the material was described 23 in 1985. The lanthanum-boron system can consist of combinations of stable LaB 4 , LaB 6 , and LaB 9 compounds, with the surface color determined by the dominate compound 20 . The evolution of LaB 4 to LaB 9 compounds is caused either by preferential sputtering of the boron or lanthanum atoms at the near surface by energetic ion bombardment 20 , or by preferential chemical reactions with the surface atoms 18, 19 . Lanthanum-boride compounds, heated to in excess of 1000 ˚C in vacuum, evaporate their components at a rate that produces a stable LaB 6.0 surface.
Thermionic emission by these cathode materials is described well by the Richardson-Dushman equation 24 :
where A is a constant with a value of 120 A/cm 2˚K2 and φ wf is the work function. Experimental investigations of the thermionic emission of different materials report values of A that vary considerably from the theoretical value. This has been handled by a temperature correction for the work function of the form
where φ o is the classically reported work function at absolute zero and α is an experimentally measured constant. This dependence can be inserted into Eq. 1 to give
where D o is the temperature-modified coefficient to the Richardson-Dushman equation. Several different work functions have been reported in the literature for LaB 6 . This is primarily due to varying use of A or D o in Eq. 3, variations in the surface stoichiometry 18 , or due to different densities of polycrystalline LaB 6 emitters or crystal orientations in single-crystal emitters used for some applications 21 . For hollow cathode and large area emitter applications, LaB 6 emitters are usually fabricated by press-sintering powder to produce polycrystalline material with a work function that is an average over the different crystal orientations at the surface. Table 1 shows the work function and values of A and D o for different electron emitter materials given in the literature. The emission current density calculated from Eq. 3 for the materials in Table 1 are plotted in Figure 1 as a function of emitter temperature. Amazingly, the actual emission current density of LaB 6 predicted by the different authors in Table 1 is within about 25% for the different values of A, D o and φ wf used. LaB 6 operates at several hundred degrees higher temperature than BaO-W dispenser cathodes for the same emission current density. The LaB 6 temperature is also much lower than the typical refractory metal emitters used for filaments in some plasma discharges.
Lanthanum hexaboride offers long lifetimes because its evaporation rate is significantly lower than refractory metals at thermionic emission temperatures. Figure 2 shows the evaporation rate of LaB 6 and tungsten as a function of the emission current density 26, 27 . LaB 6 evaporation is more than one order of magnitude lower when compared to tungsten at the same emission current density. For comparison, the evaporation rate of BaO from a Type-S 411 dispenser cathode 8 is also shown. In spite of operating at a significantly higher temperature, the LaB 6 has a lower evaporation rate than the impregnate material in dispenser cathodes until the emission current exceeds about 15 A/cm 2 . This illustrates why the LaB 6 cathode life is usually better than BaO-W cathodes because there is more material in the bulk LaB 6 than in the impregnated dispenser cathodes, and the evaporation rate is lower or comparable up to about 20 A/cm 2 . Lafferty pointed out in his original 1951 paper 17 that LaB 6 must be supported by materials that inhibit diffusion of boron into the support material, which embrittles most of the contacting refractory metals that can be used at the higher operating temperatures of LaB 6 and lead to structural failure. In addition, the crystalline LaB 6 is susceptible to breakage from mechanical stress when clamped and from thermal shock. LaB 6 has been supported by carbon 22, 23 , tantalum carbide 17, 27 , and rhenium 28 to avoid these problems, or constructed support structures with the interface material at lower temperatures 29 . Fine-grain graphite has a comparable coefficient of thermal expansion 15 as LaB 6 , and provides good electrical contact and low stress support 16, 23 without significant boron diffusion or boride formation. For this reason, the hollow cathodes described here use Poco graphite in contact with a LaB 6 insert.
Comprehensive investigations into the poisoning of dispenser cathodes 30 and LaB 6 cathodes 31 have been published in the literature. The most potent poisons for both cathodes are oxygen and water, with other gases such as CO 2 and air causing poisoning at higher partial pressures. Figure 3 shows the fraction of the possible thermionic emission given by Eq. 3 for a dispenser cathode and LaB 6 is plotted as a function of the partial pressures of oxygen and water for several different emitter temperatures. LaB 6 is significantly less sensitive to impurities that tend to limit the performance and life of the barium dispenser cathodes. The curve for water poisoning 20 of LaB 6 is off the graph to the right at much higher partial pressures. We see that a partial pressure of oxygen below 10 -6 Torr in the background or feed gas exposed to a dispenser cathode at temperatures of up to 1100 ˚C will cause significant degradation in the vacuum electron emission. In a similar manner, water vapor at partial pressures below 10 -5 Torr will poison dispenser cathodes at temperatures below 1110 ˚C. For typical pressures inside hollow cathodes of in excess of 1 Torr, this partial pressure then represents the best purity level that can be achieved by the gas suppliers, resulting in the high "propulsion-grade" purity mentioned above.
In contrast, LaB 6 at 1570 ˚C, where the electron emission current density is nearly the same as for the dispenser cathode at 1100˚C, can withstand oxygen partial pressures up to 10 -4 Torr without degradation in the electron emission. This means that LaB 6 can tolerate two orders of magnitude higher impurity levels in the feed gas compared to dispenser cathodes. For the case of xenon ion thrusters, LaB 6 cathodes can tolerate the crudest grade of xenon commercially available (≈99.99% purity) without affecting the LaB 6 electron emission or life. Lanthanum hexaboride cathodes also do not require any significant conditioning, activation or purging procedures that are normally required by dispenser cathodes. This robustness makes the handling and processing of thrusters that use LaB 6 cathodes significantly easier than electric propulsion devices that use dispenser cathodes.
III. Experimental Configuration
The LaB 6 hollow cathodes described here for space applications are configured in a geometry similar to conventional space dispenser hollow cathodes, which basically consists of an active thermionic insert placed inside a structural cathode tube wrapped by a heater, heat shields and keeper electrode. However, LaB 6 cathodes typically need more heater power to achieve the higher emission temperatures. BaO dispenser cathodes commonly use a coiled tantalum sheathed heater 32, 33 that utilizes a magnesium-oxide powder insulation. This insulation material has a maximum operation temperature typically less than 1400 ˚C, at which chemical reactions between the oxide insulation and the heater electrode or sheath material cause a reduction in the resistance and ultimately failure of the heater 33 . A tantalum sheathed-heater that incorporates high-temperature alumina power insulation was procurred 34 and used to heat the LaB 6 cathode. This geometry can be found in the standard catalog of several companies. The heater catalogs indicate that the alumina insulation has a maximum temperature of about 1800 ˚C, which is well in excess of the temperature required to start the LaB 6 cathode. The swaged tantalum heaters reliably provide about 200 W of heater power for the 1.5-cmdia. cathode and 340 W of heater power used to light the 2-cm-dia. cathode. The 2.4-mm-dia. Ta-sheathed heaters have excellent life if the heater current is constrained to 11 A or less.
As mentioned above, the material in contact with the LaB 6 insert is typically made of graphite because it has a similar coefficient of thermal expansion 26, 35 as LaB 6 . The cathode tube can either be made from Poco graphite, or from a refractory metal such as molybdenum with graphite sleeves used to interface with and contact the LaB 6 insert. A schematic representation of this generic configuration for the hollow cathode is shown in Fig. 4 electrode used to start the discharge is also fabricated from Poco graphite. The LaB 6 emitter is configured as an insert and is placed inside the hollow tube. The tube is sufficiently long and thin to minimize conduction of heat from the insert to the base plate. Cathodes of this design have been fabricated from 6 cm to 15 cm long for applications in different thrusters that require various cathode lengths. A cathode of this type was previously described in detail 16 and operated at discharge currents of 5 to 60 A. The insert in this case has an outer diameter of 0.64 cm, an inside diameter of 0.38 cm, and a length of 2.5 cm. This provides 3 cm 2 of emission area exposed to the plasma in the hollow cathode, which at an insert temperature of 1700 ˚C can emit 20 A/cm 2 and a total current of about 60 A. The cathode orifice diameter was 80% of the insert inside diameter, and the Poco-graphite keeper orifice diameter was 0.64 cm. The insert is held in place with a tungsten spring placed inside the tube. A photograph of the cathode as configured to use in a Hall thruster is shown in Fig. 5 .
The topic of this paper is the performance of two larger diameter LaB 6 hollow cathodes at higher discharge currents. The construction of these larger cathodes using the basic design illustrated in Fig. 4 has been previously described 14, 15 . The first cathode has a 1.5-cm O.D. graphite tube 7.6-cm long that holds a 1.27cm-dia. LaB 6 insert. The cathode tube has a wall thickness of about 0.1 cm, and the LaB 6 insert has a wall thickness of 0.32 cm and a length of 2.5 cm. This insert then has an active emitting area inside the cathode of about 5 cm 2 , which according to Fig. 1 can produce emission currents of 100 A at temperatures of about 1700 ˚C. The graphite cathode tube eliminates interface issues with the LaB 6 , and a tungsten orifice plate is inserted in the tube and held in place against a step at the tube end by the spring tension of tungsten spring. A thin graphoil washer is used to isolate the tungsten orifice plate from the LaB 6 insert. The graphite cathode tube and the keeper are bolted through insulating flanges that are attached to the gas feed system and the power supply electrical leads. Experiments with the cathode heater and different tube lengths showed that the heater power required to start the discharge could be reduced from 300 W for the 7.6-cm long tube to 240 W for a 10.7-cm tube length due to the reduction in the heat conducted to the mounting flange. Figure 6 shows a photograph of the 10.7-cm long, 1.5-cm dia. tube, LaB 6 cathode mounted on the test fixture with the alumina-insulated Ta-sheathed-heater and heat shielding wrapped around the cathode tube. As will be discussed below, this cathode was fully tested at its nominal discharge currents of 100 A, and then tested at discharge currents up to 200 A to determine the cathode failure mechanisms.
An additional larger cathode was also fabricated from this basic design. The larger diameter cathode features more insert surface area that required to provide higher discharge currents and long life. This cathode features a 2-cm-dia. by 10.7-cm-long graphite cathode tube with the same tube wall and insert thicknesses as the 1.5-cm cathode. The graphite tube holds a 1.9cm-dia. LaB 6 insert with a nominal length is 2.5 cm, but an additional insert can be installed to increase the length of the emitting region up to 5 cm diameter of 3.5 cm to accommodate the larger cathode and the heater and heat shields. This cathode uses two of the Al 2 O 3 insulated sheathed heaters connected in parallel around the cathode tube to provide the 300 W of heater power needed to light it. The mounting and spring geometry are the similar to the 1.5-cm cathode.
A photograph of the larger cathode is shown in Fig. 7 . The cathodes were operated in the JPL cathode test facility 36 at discharge currents up to 100 A, which was limited by the power supply. This provided an initial characterization of the performance, and also permitted internal plasma density, potential and electron temperature profiles to be obtained for the 1.5-cm-dia. cathode. Both cathodes were then operated in a second facility that was configured as shown in Fig. 8 for discharge currents of up to 250 A. The facility has a 1-m-dia. by 2.5-m-long vacuum system with 1250 l/sec xenon pumping speed from two cryo-pumps. A solenoid coil is positioned around the keeper electrode to provide an adjustable axial magnetic field at the cathode exit. The anode consists of a water-cooled cone of relatively large area. This test configuration produces discharge voltages in the 15 to 40 V range, depending on the current and gas flow rate. Temperature measurements of the cathode orifice plate are made using a DFP 2000 Disappearing Filament Optical Pyrometer calibrated by a tungsten filament reference in the vacuum system. A comparison of the measured temperature of the filament to that derived from simple radiation theory was used to obtain a calibration curve to correct pyrometer temperature readings of the orifice plate through the vacuum system window.
IV. LaB 6 Cathode Discharge Performance
After installation in either of the test facilities, the systems were pumped down into the 10 -6 Torr range and the cathode heater turned on for 10 minutes. The cathode discharge was then started by initiating the xenon gas flow through the cathode, applying 150 V to the keeper electrode and turning on the anode power supply. The keeper current was regulated to 2 A, and the keeper voltage fell to a value typically in the 5 to 10 V range depending on the gas flow rate and keeper orifice diameter. Once the anode discharge current exceeded 10 A, the keeper power supply was turned off and the keeper was allowed to float. The cathodes were normally run at 20 A for a minute or two until the discharge voltage stabilized, and then could be turned up to full current in a matter of seconds. Figure 9 shows the discharge voltage (a) and keeper voltage (b) versus discharge current for the 1.5-cm cathode measured for currents of 10 to 100 A and three xenon gas flow rates. At discharge currents below 20 A, the discharge voltage was observed to increase and both large cathodes tended to cool off and stop operating at currents below 10 A. This is because the self-heating mechanism in the hollow cathode depends on the discharge current level, and the lower discharge currents provided insufficient heating in these cathodes to maintain the insert
A. 1.5-cm Cathode Performance
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September 11 -15, 2011 temperature. In this case, the voltage drop in the cathode plasma increases to provide sufficient heating, which increases the measured discharge voltage. Utilizing a longer graphite tube to reduce heat loss to the mounting structure, and increasing the heat shielding to reduce the radiation heat loss, makes it easier for the self-heating mechanism to maintain the insert temperature at low currents. The smaller cathode shown in Fig. 5 can run at 5 A or below, and also is capable of 60 A of emission current at a temperature of 1700 ˚C. These high emission current densities and discharge currents are routinely achieved with LaB 6 cathodes 16, 23 . The 1.5-cmdia. cathode has 5 cm 2 of exposed insert area, and so is capable of producing the measured 100 A of discharge current at an emission current density of 20 A/cm 2 and a temperature of 1700 ˚C. The 2.0-cm dia. cathode, in comparison, has either 10 or 20 cm 2 of insert area depending on the insert length selected, and is capable of well over 200 A of emission.
To understand the electron emission processes of the LaB 6 insert in this size hollow cathode, plasma density, potential and electron temperature profiles were taken by the interior fast-scanning probe. Previous problems with melting of the probe in the high-density plasma inside the cathode insert at discharge currents over 30 A were mitigated by increasing scan speed and scanning length such that probe was could be kept inside a protective tube mounted the cooler base-flange between fast-scans. This lowered the probe temperature before insertion and protected the probe tip from erosion and material deposition from the cathode plasma. Figure 10 shows the plasma density profiles calculate from the internal scanning probe data at discharge currents from 20 to 100 A and three
September 11 -15, 2011 9 Figure 11 . Plasma potential and electron temperature profiles in the 1.5-cm cathode at three xenon flow rates and 100 A. xenon flow rates. The plasma profile in the LaB 6 cathode is very broad, and the plasma is in good contact with the entire insert length. In addition, the plasma density inside the insert is very high, and is sufficient all along the 2.5-cm insert length to avoid space-charge limitations on the emitted electron current density well in excess of 20 A/cm 2 . Therefore, the insert is operating in the thermally-limited emission regime and the emission will be fairly uniform along the insert length if the temperature is constant. Increases in discharge current and gas flow rate tend to push the plasma density peak toward the orifice, further flattening the profile. Since the plasma is in contact with the entire insert and LaB 6 has a good thermal conductivity 26 , the temperature variation along the insert is expected to be small and the emission fairly uniform.
The probe electronics system was also configured to record Langmuir traces so that potential and electron temperature profiles could be obtained. Figure 11 shows the plasma potential (top) and electron temperature (bottom) profiles inside the 1.5-cm cathode at a discharge current of 100 A. The potential profile behavior is similar to that observed at lower currents with peak voltages in excess of 10 V. The plasma potential profile at 100 A of discharge current is only about 1 V higher than that measured at 50 A of discharge current. The electron temperatures are also 50% higher than the values measured at 50 A of discharge current, even though the profile slopes and shapes are similar. The electron temperatures are significantly higher than observed in NSTAR and NEXIS cathodes 36, 37 , which is due to the lower neutral pressure in the LaB 6 insert region. Figure 12 shows the discharge voltage (a) and keeper voltage (b) versus discharge current for the 2.0-cm cathode measured for currents of 10 to 100 A and three xenon gas flow rates. Like the smaller cathodes, at discharge currents below 20 A the discharge voltage was observed to increase and the cathode tended to cool off and stop operating after a short time. As seen in the figure, the discharge voltage increases at low current so that the voltage drop in the cathode plasma can increase to provide sufficient self-heating. The discharge voltage at low current is higher for the
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September 11 -15, 2011 2-cm cathode than for the 1.5-cm cathode, which is due to the higher heat loss associated with the larger radiating areas and conduction path for the larger cathode. At high current where radiation heat loss dominates, the two cathodes have nearly the same discharge voltage at the same flow because the orifice dimensions are the same. Figure 13 shows the discharge voltage, keeper voltage and orifice plate temperature for the 2.0-cm cathode versus discharge current up to 250 A at a constant flow of 16 sccm. At low discharge currents, the discharge voltage decreases with current rapidly due to the self-heating issues, but also increases with discharge current at the high current levels. At 250 A of discharge current, a cathode flow rate of 20 sccm is required to keep the discharge voltage below 25 V in the test facility configuration. The orifice plate temperature shown in Fig. 13 is observed to increase proportionally to the discharge current. At 200 A of discharge current, the orifice plate is about 2350 ˚C, and at 250 A it is 2480 ˚C. The high orifice plate temperature observed in this cathode geometry is because the orifice plate is not in good contact with the graphite tube and so must radiate all the incident power from the local discharge. As will be discussed below, the orifice plate temperature in this range is not a major issue for tungsten material in terms of evaporation or life.
V. Discussion
A. Cathode Life The 1.5-cm dia. cathode is nominally rated for discharge currents up to 100 A where the temperature of the LaB 6 insert is expected to be about 1700 ˚C and the orifice plate temperature is measured to be below 2000 ˚C. As seen in Fig. 11 , the plasma potential inside the insert region is less than 15 V over the range of currents tested, which means that sputtering of the LaB 6 insert is not an issue and the lifetime is due primarily to evaporation. It is observed that the emitting surface stoichiometry of the LaB 6 is modified by the plasma discharge, appearing more gray in color indicative of LaB 4 formation, which is likely due to redeposition of the easily ionized lanthanum as it evaporates from the surface. The work function of LaB 4 is actually lower 18 than that of LaB 6 , so the cathode is expected to run cooler and longer in this condition. Nevertheless, a conservative life estimate can be made based on evaporation 38 and is shown in Fig. 14 as a function of discharge current for the two cathodes. For the 1.5-cm cathode running at 100 A, the evaporation-limited life is calculated to be about 12,000 hours. The 2.0-cm cathode is calculated to achieve 20,000 hours of life at currents of 200 A. Since the plasma density inside these cathodes extends well past the insert length, there will be no space charge limitation on the emission current Figure 14 . Evaporation-limited life of the two LaB 6 hollow cathodes as a function of discharge current.
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September 11 -15, 2011 11 if longer inserts are used. Longer life can then be obtained for both cathodes by utilizing a longer insert in the same cathode geometry. If the life is still insufficient for a given application, then the cathode diameter will have to be increased in order to provide larger electron emission areas and drop the insert temperature and evaporation rate. Any redeposition of the evaporated LaB 6 material will have a similar positive effect in extending the life. An evaluation of the redeposition and life of these cathodes is underway.
B. Internal Parameters
The high current cathodes utilize relatively large diameter orifices that reduce the pressure inside the cathode compared to the well-known smaller hollow cathodes such as the NSTAR cathode 37 . The internal pressure in the 1.5-cm LaB 6 cathode was measured upstream of the insert region by a capacitive manometer connected to the cathode tube 15 cm from the orifice plate entrance. Neutral pressure profiles inside the insert region are then calculated using a 1-D Poiseuille-flow model described in Appendix B of Ref. [39] . The model uses variable diameter disks and calculates the pressure in each disk moving upstream from the cathode orifice using
where P 2 is the pressure of the downstream disk, Q is the xenon gas flow rate in sccm, l is the disk length, d is the disk diameter, T r =T(˚K)/289.7, and ! " is the viscosity of the xenon gas given by
The gas velocity is assumed to transition to sonic in the cathode orifice, and the gas temperature is increased over the thermal temperature of the insert by charge exchange with the plasma ions. The gas temperature in the insert region is then adjusted such that the calculated pressure upstream of the cathode matches the measurement by the capacitive manometer. The neutral pressure profiles calculated for the 1.5-cm dia. cathode are shown in Fig. 15 . The non-uniform neutral profile occurs because of different internal diameters in the cathode structure. At the 10 sccm of flow, the neutral pressure in the middle of the insert region (corresponding to near the plasma density maximum) is about 1.5 Torr and falls to less than 1 Torr at the orifice. This is significantly lower than the pressures inside the NSTAR cathode 37 and results in the penetration of the plasma deep into the insert as seen in Fig. 10 .
The very broad axial density profiles observed in the LaB 6 cathode insert region encourages comparisons with the predictions of some simple models of the cathode parameters 39 previously developed. The electron temperature inside the cathode for a relatively long plasma in 1-D is determined by the matching of the radial ion loss rate in the plasma due to diffusion with the ion generation rate. The solution to the radial diffusion equation for ions in collisionally dominated plasmas in cylindrical geometry results in an eigenvalue equation with a unique dependence on the electron temperature:
where r is the internal radius of the insert, λ 01 is the first zero of the zero-order Bessel function, n o is the neutral density, σ I is the ionization cross section averaged over a Maxwellian electron temperature and D is the diffusion coefficient. The diffusion in the radial direction in the insert region is ambipolar, and the ion mobility is limited by Figure 15 . Pressure profiles inside the 1.5-cm LaB 6 hollow cathode at 100 A and three xenon gas flow rates.
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September 11 -15, 2011 12 resonant charge exchange (CEX) with the xenon neutral atoms. Since the electron mobility is much higher than the ion mobility, the ambipolar diffusion coefficient D a is given by
where the ion and electron temperatures are given in electron volts and the effective velocity for scattering of the ions in the insert region is approximated by the ion thermal speed:
Equation 4 is then solved using Eqs. 5 and 6 for the average value of the electron temperature in the peak plasmadensity region of the insert. The density of the insert plasma can be estimated by a simple 0-D particle and energy balance model 39 that assumes fairly uniform plasma in the insert region. In the insert plasma, heating of the plasma is balanced by the energy loss
where I t is the thermionic electron current given by Eq. 3, φ s is the cathode sheath voltage, R is the plasma resistance, I e is the hollow cathode discharge current, I i is the total ion current generated in the insert region, U + is the ionization potential, T e is the electron temperature (in volts), and I r is the random electron flux at the sheath edge. In this case, excitation and radiation losses are ignored because the high-density plasma inside the hollow cathode is optically "thick" and the radiated energy is reabsorbed by the plasma. At the insert surface, power balance gives:
where H(T) is the total heat lost by the insert due to radiation and conduction, and φ wf is the cathode work function. The average plasma density can be found using Eqs. 7 and 8:
where f n is the edge to average plasma density ratio assumed to be near one for this relatively low pressure plasma. Finally, the sheath potential at the cathode surface 39 is found from solving Eq. 8 and particle balance equations:
(10) Figure 16 shows the plasma density, potential and electron temperature data for the 1.5-cm LaB 6 hollow cathode operating at the condition 100 A and 10 sccm of cathode flow shown in Figs. 10 and 11 . The average plasma density, potential and electron temperature predicted by Eqs. 4, 9 and 10, evaluated at the peak in the plasma density profile and using the neutral density at this location from Fig. 15 , are also shown in Fig. 16 that is used in selection of the orifice and insert dimensions. Detailed modeling of the plasma profiles requires a 2-D code such as OrCA-2D 40 , which has successfully modeled the plasma parameters for smaller cathodes in the past 41 . Simulations of the high current cathodes using this code are underway at this time.
C. Orifice Plate Heating
The cathode orifice plate was observed to operate at temperatures over 2000 ˚C at the high discharge currents reported here. This is significantly higher than lower current BaO-W cathodes and is attributed to both the high heat fluxes associated with high current operation and the lack of conduction cooling of the orifice in the present graphite-tube geometries. An early version of the 1.5-cm cathode was tested at discharge currents of 200 A for over 120 hours with a tantalum orifice plate. Figure 17 shows a photograph of the tantalum orifice plate at the end of this test. The cathode orifice diameter had enlarged by 11% and the tantalum surface had clearly recrystalized associated with high temperatures. Based on tantalum evaporation rates in the literature 42 , this change in the orifice diameter is expected for temperatures of nearly 2600 ˚C. Evaporation of the orifice plate would then limit the life of the 1.5-cm cathode to about a tenth that expected from insert evaporation. The orifice plate material was changed to tungsten, which has a significantly lower evaporation rate than tantalum at a given temperature, and the keeper orifice enlarged slightly to provide more radiation area from the cathode orifice plate. At 100 A, the 1.5-cm cathode orifice plate was found using the optical pyrometer to be at a temperature of only about 2000 ˚C, which is about 300˚ hotter than this insert at this current. This temperature would produce an evaporation change in the orifice diameter of 10% after 200,000 hours, which is not a significant life-limiting problem.
The 2.0-cm dia. cathode was designed with a tungsten orifice plate installed in a similar configuration as the 1.5-cm cathode with the graphite support tube. As shown in Fig. 13 , the 2.0-cm cathode has an orifice plate temperature of about 2350 ˚C at 200 A of discharge current. Based on the tungsten evaporation rates published in the literature by Langmuir 43 , this orifice plate temperature would produce in a 12% increase in the cathode orifice diameter after 20,000 hours. The orifice and insert then have similar lifetimes at this discharge current level, and the cathode is therefore expected to last for at least 20 khrs at 200 A of discharge current. If longer life or higher discharge currents are desired, the cathode tube can be made of a refractory metal and welded to the tungsten orifice plate as is done in standard hollow cathodes to provide conduction cooling of the orifice plate and operation a lower temperature. 
D. Energetic Ion Production
During testing of both the 1.5-cm and 2.0-cm cathodes at currents in the 100 to 200 A range and cathode flows of ≤16 sccm, it was observed that a significant amount of copper was sputtered from the anode close to the cathode exit and the anode surface damaged. The conical anode shown in Fig. 8 was turned around 180˚ to provide more surface area to handle this ion bombardment and allow access for diagnostics. Figure 18 shows a photograph of the anode end that faces the cathode (tilted towad the camera) after operation to show the sputtered zone. Close to the cathode, the anode had molybdenum deposition in a region about 1 cm long, coming from the molydenum plate seen on the right around the cathode keeper that protects the solenoid coil. Beyond that shiny Mo-ring, there is net erosion of the copper wall of the anode shown by a characteristic rough sputtered surface. It is clear that energetic ions are produced downstream of the keeper exit at these high discharge currents, which then bombard the anode and keeper surface. The keeper is made of graphite and no significant erosion has been detected to date.
Energetic ion producttion in the plume of various hollow cathodes has been previously at JPL 44, 45 . While several mechanisms for producing high energy ions have been proposed, the ion quantity and energy have been correlated to ionization instabilties in the near-cathode plume 46 . Some fraction of these ions flow back toward the cathode and cause keeper erosion, and the remainder flow radially and axially away from the cathode and can cause damage to other thruster componets such as the anodes and grids. To mitigate the copper erosion, a tungsten liner was installed to cover the first 10 cm of the anode. Future work will re-examine the source of these energetic ions under the high current discharge conditions, and experiments will be made to mitiage their production and affect on thruster and test stand components.
VI. Conclusion
The successful development of a reliable, robust LaB 6 hollow cathode that operates in the range of 5 to 60 A and has run several Hall thrusters at various institutions in the US has spurred the development of higher current versions for very high power thrusters. Two cathodes, a 1.5-cm dia. version and a 2.0-cm dia. version, have been built and tested at discharge currents ranging from 10 to 250 A. The tantalum sheathed heater technology based on Al 2 O 3 -powder insulation has proven to be reliable in successfully heating all of these large, higher temperature cathodes to ignition conditions. The cathodes have lifetimes in the 10 to 20 khrs range depending on their operating conditions, and experiments have shown the path to even higher currents and longer lifetimes if required by future missions.
